Background-The tachycardia detection interval (TDI) in implantable cardioverter/defibrillators (ICDs) is conventionally programmed according to the slowest documented ventricular tachycardia (VT), with a safety margin of 30 to 60 ms. With this margin, VTs above the TDI may occur. However, longer TDIs are associated with an increased risk of inappropriate therapy. We hypothesized that patients with slow VTs (Ͻ200 bpm) may benefit from a long TDI and a dual-chamber detection algorithm compared with a conventionally programmed single-chamber ICD. Methods and Results-Patients with VTs Ͻ200 bpm were implanted with a dual-chamber ICD that was randomly programmed to a dual-chamber algorithm and a TDI of Ն469 ms or to a single-chamber algorithm with a TDI 30 to 60 ms above the slowest documented VT cycle length and the enhancement criteria of cycle length variation and acceleration. The primary combined end point was the number of all inappropriate therapies, VTs above the TDI, and VTs with significant therapy delay (Ͼ2 minutes). After 6 months, a crossover analysis was performed. Total follow-up was 1 year. One hundred two patients were included in the study. The programmed TDI was 500Ϯ36 ms during the dual-chamber phase and 424Ϯ63 ms during the single-chamber phase. For the primary end point (inappropriate therapies, VTs above the TDI, or VTs with detection delay), a moderate superiority of the dual-chamber mode was found: Mann-Whitney estimatorϭ0.6661; 95% CI, 0.5565 to 0.7758; Pϭ0.0040. Conclusions-Dual-chamber detection with a longer TDI improves VT detection and does not increase the rate of inappropriate therapies despite a considerable increase in tachycardia burden.
T he tachycardia detection interval (TDI) in implantable cardioverter/defibrillators (ICDs) is conventionally programmed according to the slowest documented ventricular tachycardia (VT), with a safety margin of 30 to 60 ms. This is associated with a significant risk of VTs above the TDI during follow-up. 1 In 1 study, 47 of 659 patients with ICDs suffered 61 VTs above the TDI. Only 7 of these were asymptomatic, 54 (88.5%) caused admission to the hospital, 5 (8.2%) caused syncope, and 6 patients (9.8%) were resuscitated. This suggests a larger safety margin. However, a longer TDI is associated with an increased risk of inappropriate therapies. [2] [3] [4] [5] [6] The implantation rate of dual-chamber ICDs has increased in recent years, 7 partly as a result of dual-chamber pacing indications 8 and partly because of the assumption that dual-chamber ICDs provide better detection facilities than single-chamber ICDs. 9 However, clear evidence from prospective clinical trials is lacking or the evidence does not favor this view. 10 -12 The 1ϩ1 Trial addressed the question of whether patients with monomorphic slow VTs and no primary indication for dual-chamber pacing benefit from a long TDI and a dualchamber detection algorithm compared with a conventionally programmed single-chamber ICD. If the safety margin between spontaneous VTs and the TDI can be increased in a dualchamber ICD without increasing the risk of inappropriate therapies, the implantation of a dual-chamber ICD would be justified merely for the sake of detection.
Methods

Study Population
The target population included patients with spontaneous or inducible monomorphic VTs with a cycle length Ն300 ms. Patients with a class I or II indication for pacing, 8 patients with chronic atrial fibrillation, and patients with slow polymorphic VTs were excluded from the trial.
Study Design
All patients were implanted with a dual-chamber ICD (Defender III, IV, ELA Medical), which, in a randomized manner, was programmed either (1) to a single-chamber mode with a TDI according to the slowest documented VT with a safety margin of 30 to 60 ms and the discrimination criteria cycle length variation and acceleration or (2) to a dual-chamber mode (Parad, ELA Medical) with a TDI of Ն469 ms, irrespective of spontaneous VTs. If longer TDIs were required, the programming of a safety margin was left to the implanting physician (for the detection algorithms, see Figure 1 ). After 6 months a crossover was performed, ie, patients with dual-chamber detection were programmed to single-chamber detection and vice versa. Tachycardia storage was always based on a dual chamber to allow for equal evaluation of all tachycardias in both study modes.
End Points
The combined end point included all VTs above the TDI or with a significant therapy delay (Ͼ2 minutes) and all inappropriate therapies. Because both end points are inversely related in each algorithm, the combined end point was assumed to provide a balanced marker of the device performance. Adverse events, device-related complications, and changes in antiarrhythmic drug therapy were documented for the whole study population.
Sample Size
The sample size was based on the assumptions that the risk of VT above the TDI would be 5%, 1 the risk of significant therapy would be 5%, [13] [14] [15] [16] [17] and the risk of inappropriate therapies would be 20% to 30% during the first year. 3 A total of 80 patients were supposed to provide a power of 80% to detect a relative risk improvement of the combined end point by 60% in the dual-chamber mode (␣ er-rorϭ0.05). The dropout and study violation rate was assumed to be 20%. Because the risk of having 1 event could not simply be transformed into the number of events, the number of 100 patients was stipulated in an ad hoc manner.
Procedure
All patients were implanted with a Defender III or IV according to current guidelines of ICD implantations. 8 An electrophysiological study was performed in all patients. This included a programmed ventricular stimulation with the patient off antiarrhythmic drugs or on amiodarone. When antiarrhythmic drugs were changed, programmed ventricular stimulation was repeated to adjust the TDI.
During implantation, lead selection was left to the implanting physician. The implantation requirements were a sensing of Ͼ5 mV for the ventricular electrode and Ͼ1.8 mV for the atrial electrode; the pacing threshold had to be Ͻ1.5 V/0.5 ms. The device was tested intraoperatively with 2 effective shocks 10 J below the maximum device output. Programming of the ICD according to randomization took place at implantation. Pacing was programmed to backup pacing at a rate of 40 bpm in both modes.
Follow-Up
Patients were monitored for primary and secondary outcome events from the implantation date. Follow-up visits were scheduled for every 3 months from the date of implantation, and patients were encouraged to schedule extra visits if frequent shocks, syncope, or unexplained palpitations occurred. At each visit, documentation of all tachycardias stored in the ICD, treated or not treated, especially VTs with detection delay and inappropriate therapies, was obtained. Documentation of VTs that led to hospital admission was obtained from the hospitals. Furthermore, complications due to ICD therapy such as lead dislodgment were documented. Programming adjustments and pharmacological therapy were left to the discretion of the physician performing the follow-up.
Tachycardia Validation
All tachycardias were validated in a blinded manner by a central validation committee consisting of 3 experts in ICD electrogram analysis. A decision had to be made for each tachycardia. VT below the detection rate was diagnosed if at least a single-lead ECG could be obtained that revealed the typical characteristics of VT (wide complex, VA dissociation) or if VT was documented in a monitor zone in those patients in whom a slow VT had been suspected on the basis of clinical history (eg, unexplained syncope, palpitations) and a monitor zone had been programmed.
Statistical Considerations
Patients randomized to dual-chamber or single-chamber mode were compared in an intention-to-treat fashion. Analysis was performed with the Kaplan-Meier method, comparing risk of a VT above the TDI or with detection delay and risk of inappropriate therapies during the first and second study phases. This analysis examined the number of patients with an end point. The crossover design also allowed for a comparison of the number of VTs above the TDI, with detection delay or inappropriate therapies in the 2 programmed modes in each patient. 18, 19 Thus, imbalances between the randomization groups could be neglected. However, the second phase was expected to have fewer events than the first phase. This was tested before the crossover analysis for each end point. If the test revealed an imbalance between the first and second phases, ie, a carryover or period effect, the analysis was performed for each study phase separately. Because there is no tool for a crossover design to evaluate patients who take part in 1 study period but not in the other, eg, as a result of death, only patients who participated in both study phases were evaluated in the intention-to-treat crossover analysis. Receiver operating characteristic (ROC) plots were drawn to depict superiority or inferiority of the dual-chamber compared with the single-chamber mode. The area under the ROC curve is identical to the Mann-Whitney estimator, which is presented as a measure of relevance.
Results
Patients
One hundred two patients were included in the trial, with 52 initially randomized to single-chamber and 50 to dualchamber detection (Table 1 ). TDI was programmed to 422Ϯ70 ms in the first single-chamber detection phase and 496Ϯ27 ms in the first dual-chamber detection phase. During the second study phase, the TDI was increased to 435Ϯ59 ms in the single-chamber and 512Ϯ38 ms in the dual-chamber detection mode. The safety margin between the spontaneous VT before implantation and the TDI was 41 ms in the first and 81 ms in the second single-chamber phase, whereas the safety margin in both dual-chamber phases varied between 131 and 139 ms.
Mean follow-up was slightly longer in dual-chamber detection mode than in single-chamber detection mode (Table   2 ), which may favor single-chamber detection in the comparative analysis.
Protocol Adherence
During period 1, all patients received the mode to which they were randomized. During period 2, 7 patients did not receive the intended mode. Three patients died during the first study period, and 2 patients were lost to follow-up. One patient had many slow VTs during the dual-chamber mode. This patient and another withdrew their informed consent. These patients were excluded from the intention-to-treat crossover analysis.
Fifteen patients revealed some time differences in the study phases that exceeded the 2 months allowed in the protocol. Four patients performed an early crossover: 3 to the dualchamber mode and 1 to the single-chamber mode. The early crossover to the dual-chamber mode was due to many inappropriate therapies in 2 patients and due to slow VTs in 1 patient. One patient performed a crossover to the singlechamber mode because of atrial lead dysfunction, which he did not want to be revised. Six patients performed a late crossover to the dual-chamber mode without a special reason. The second study phase was too short in 5 patients because of death in 3. Two patients were lost to follow-up during the second phase. In summary, 4 patients had a shorter singlechamber study phase because of detection problems with the single-chamber mode: 2 due to many inappropriate therapies and 2 due to slow VTs.
Implantation Data
Dual-chamber ICD implantation was successful in all patients. Atrial sensing was 2.49Ϯ1.04 mV, pacing threshold was 0.97Ϯ0.48 V at 0.44Ϯ0.06 ms, and the impedance was 625Ϯ149 ⍀. Sensing was Ͼ5.0 mV in all patients, as requested in the protocol (mean, 6.32Ϯ2.09). Mean pacing threshold was 0.66Ϯ0.37 V at 0.44Ϯ0.06 ms, and mean impedance was 704Ϯ187 ⍀. Twelve patients received a Defender III, and 90 patients received a Defender IV (ELA Medical). The lowest tested and successful defibrillation energy was 16.6Ϯ3.8 J. Mean operation time (from cut to close) was 94Ϯ41 minutes. Mean x-ray duration was 11Ϯ10 minutes.
Antiarrhythmic Drug Therapy
Antiarrhythmic drug therapy did not differ significantly between the 2 study populations at baseline, and only a few changes were made during both detection modes. Between 33% and 42% of patients received ␤-blockers in each study phase. Amiodarone was added to the antiarrhythmic drug therapy in 7 patients during the first single-chamber study phase, in contrast to only 1 patient in the dual-chamber mode. Therefore, 27% of patients were treated with amiodarone when they finished the single-chamber phase and started the dual-chamber phase as opposed to 20% of patients when they started the second single-chamber phase.
Tachycardias and Device Performance
Device counters revealed 27 260 detections during the singlechamber and 84 204 detections during the dual-chamber mode. The increase of the TDI by 76 ms increased the tachycardia burden Ͼ3-fold.
A total of 1969 tachycardias were counted as sustained and stored with electrograms and therapy data in the ICDs of 95 patients: 692 were VTs, and 1257 were supraventricular tachycardias (SVTs). Of these, 1027 were sinus tachycardias, 99 atrial tachycardias with n:1 conduction, 34 atrial tachycardias with 1:1 conduction, 97 atrial fibrillation, and 20 oversensing episodes (Figure 2 ). This reveals that sinus tachycardias outnumbered VTs above a cycle length of 460 ms. The opposite was true for tachycardias below a cycle length of 340 ms, in which VTs outnumbered supraventricular tachycardias by Ͼ15:1. In the range between 340 and 460 ms, VTs and SVTs reached a 1:1 ratio, and regular SVTs such as atrial tachycardias complicate detection.
Five hundred eight adequate device interventions occurred during single-chamber detection: 183 VTs were correctly terminated, and therapy was correctly withheld in 325 SVTs. During dual-chamber detection, 1244 correct device reactions occurred, 425 VTs were correctly detected and terminated, and therapy was correctly withheld in 819 SVTs.
Primary End Point
During single-chamber detection, 141 tachycardias in 44 patients were not diagnosed correctly. Seventy-eight of these were inappropriate therapies, 32 were VTs with detection delay in 4 patients, and 31 VTs were above the TDI in 10 patients. Eight patients with slow VTs were hospitalized at least once. One patient was resuscitated during a VT above the TDI. In 2 patients slow VTs were detected during routine follow-up. Values are number of events (median) unless indicated otherwise. All patients are compared with themselves in the intention-to-treat crossover analysis (nϭ95). Data are given for each study phase to demonstrate which phase contributed most to the difference. Significance tests were performed for all patients compared with themselves in the different modes.
*A test for significance was not performed.
During dual-chamber detection, 76 tachycardias in 24 patients were not treated correctly, and 62 were inappropriate therapies in 16 patients. Twelve detection delays occurred during VTs in 4 patients, and 4 VTs were above the TDI in 4 patients. In 2 patients slow VTs were diagnosed because they were borderline. In 2 patients VTs were documented as asymptomatic VTs during routine follow-up.
The risk of a VT above the TDI was 12% during the first 6 months in the single-chamber mode with a mean safety margin of 41 ms, and it remained as high as 9% with a safety margin of 81 ms during the second study phase. The risk of a VT above the TDI was 7% in the first and 0% in the second dual-chamber phase (Figure 3) . A VT above the TDI could not be predicted by any baseline characteristics.
For the primary end point of this trial, which was the number of VTs above the TDI or significant therapy delay and the number of inappropriate therapies, a more than moderate superiority of the dual-chamber mode was found (Mann-Whitney estimatorϭ0.6661; 95% CI, 0.5565 to 0.7758; Pϭ0.0040; Table 2, Figure 4 ).
For the comparison of the number of VTs above the TDI plus detection delay, the crossover analysis revealed a moderate advantage for patients in the dual-chamber mode (Mann-Whitney estimatorϭ0.6647; 95% CI, 0.5347 to 0.7946; Pϭ0.0175; Table 2 ).
The results for inappropriate therapies varied considerably between the first and second study phases (Figure 3) . The dual-chamber ICD was significantly better than the single- chamber ICD in the intention-to-treat crossover analysis (Pϭ0.0079). However, there was a strong indication for a carryover effect (Pϭ0.0472) and a period effect (Pϭ0.0499). During study phase 1, there was a more than moderate superiority of the dual-chamber mode over the singlechamber mode (Mann-Whitney estimatorϭ0.6628; 95% CI, 0.5642 to 0.7614; Pϭ0.0023; Figure 4 ). The second phase did not reveal any significant differences (Table 2, Figure 3 ).
Sensitivity and Specificity
The sensitivity was 0.94 in the dual-chamber mode and 0.82 in the single-chamber mode (Mann-Whitney estima-torϭ0.6524; 95% CI, 0.4798 to 0.8249; Pϭ0.1345; Figure 4 ). The specificity was 0.81 in the single-chamber and 0.93 in the dual-chamber mode (Figure 3 ).
Secondary End Points: Adverse Events, Shocks, and Device-Related Complications
Six patients died during follow-up, and 1 patient survived an episode of sudden cardiac death due to a VT above the TDI. Five deaths were noncardiac in cause.
The number of shocks for any cause was not significantly different between the 2 studied modes, ie, despite the tremendously increased tachycardia burden, patients in the dual-chamber mode did not experience more shocks (adequate or inadequate) than patients in the singlechamber mode ( Table 2) .
Twenty device-related complications occurred in 19 patients. There were 5 atrial lead dislodgments, and 1 atrial lead had to be revised because of undersensing. Four ventricular leads dislodged, 2 showed undersensing, and 6 had a technical dysfunction or were recalled by the company because of an impending dysfunction (nϭ2). Lead complications varied considerably between different centers: 2 centers representing 40 implantations had a complication rate of 21.1% and 23.8%, respectively. The complication rate in the other centers was 12.9%.
Discussion
Primary End Point Cluster
The combined end point of the 1ϩ1 Trial was the number of inappropriate therapies and VTs above the TDI or with a considerable detection delay Ͼ2 minutes. For this primary end point, the 1ϩ1 Trial demonstrated a significant, moderate superiority of the dual-chamber detection with a long TDI compared with conventional single-chamber detection. This finding is in contrast to the results of a trial in which patients were randomly assigned to a dual-chamber or single-chamber ICD, which did not reveal any benefit of the dual-chamber ICD in terms of tachycardia detection. 10 However, patients included in this trial were not selected with respect to slow VTs. They had shorter TDIs (mean, 368 ms) than the patients in the 1ϩ1 Trial, and the overlap of SVT and VT cycle length was possibly too small to demonstrate a benefit of the dual-chamber detection in these patients (Figure 2 ). In contrast, the 1ϩ1 Trial deliberately selected patients who where supposed to have a large overlap between VT and SVT cycle length.
VTs Above the TDI
The risk of VTs above the TDI was 12% in the first and 9% in the second single-chamber study phase, with a mean safety margin of 41 and 81 ms, respectively. The risk was 7% in the first and 0% in the second dual-chamber study phase, with a safety margin of Ͼ130 ms (Figure 3) . The risk of a VT above the TDI is higher than that reported in a retrospective analysis that revealed a risk of Ϸ3% per year. 1 Patients on antiarrhythmic drugs with conduction-slowing properties had a higher risk in that study (25% for patients on amiodarone in the first year after ICD implantation). 1 Significant VT-slowing properties have also been demonstrated for sotalol 20, 21 and class I antiarrhythmic drugs. [22] [23] [24] When it is considered that patients with ICDs frequently receive antiarrhythmic drugs to suppress frequent VTs or control SVTs, this would strongly suggest a longer TDI in these patients, at least for some time after ICD implantation or after a change in antiarrhythmic drug therapy.
Inappropriate Therapies
The increase of the TDI by 76 ms in the dual-chamber study phase increased the tachycardia burden Ͼ3-fold. With a specificity of 93%, the dual-chamber algorithm used in this trial prevented an increase of inappropriate therapies despite the increased tachycardia burden. For the number of inappropriate therapies, the dual-chamber mode proved to be superior to the single-chamber mode (PϽ0.008). However, this supe- Results of the nonparametric crossover analysis are summarized as a graphic presentation of relevance measures (2-sided Wilcoxon-Mann-Whitney procedures, 95% CI), depicting not only the presence of a difference between the 2 treatment modes but also the size of the difference. Left, Comparison of adequate and inadequate reactions to any tachycardia; middle, comparison of sensitivity; right, results of inappropriate therapies and VTs above the TDI or therapy delay in the first study period. See text for discussion.
riority was seen only in the first study phase, whereas in the second phase both modes revealed a similar risk of inappropriate therapies, which still implies superiority of the dualchamber mode because of the larger tachycardia burden. However, this needs further interpretation. Obviously, patients initially randomized to the single-chamber mode posed a larger problem to the algorithm than patients who in the single-chamber mode group in the second study phase. The opposite was true in the dual-chamber mode. This implies that the actual risk of inappropriate therapies depends not only on the device and its specificity but also on the type of SVTs in a specific patient population. 12 In summary, the increased specificity of the dual-chamber detection algorithm (0.93) was able to compensate for the tremendously increased tachycardia burden in patients with a very long TDI, and it prevented an increase of inappropriate therapies. Therefore, a lengthening of the TDI is feasible with the dual-chamber algorithm under investigation in patients at risk of slow VTs after ICD implantation or after a change in antiarrhythmic drug therapy.
Tachycardias in Patients With ICDs
In retrospective studies, atrial fibrillation with rapid ventricular response was the most common cause of inappropriate therapies (38%), followed by sinus tachycardias (29%) and oversensing (24%). 3 The 1ϩ1 Trial revealed a different distribution of inappropriate therapies. Atrial tachycardias were more frequent than atrial fibrillation. The load of atrial tachycardias with regular n:1 conduction may also suggest a strategy that includes a preventive radiofrequency ablation of atrial tachycardias in patients with a very long TDI. 25 The tachycardia burden for monomorphic VTs was also high in this trial. When the favorable results of trials on VT ablation are taken into account, 26, 27 this may also call for a preventive approach in patients with monomorphic VTs at the time of ICD implantation.
Device-Related Complications
The improved tachycardia detection in the dual-chamber mode was counterbalanced by an increased risk of lead complications. Twenty device-related complications occurred in 19 patients. The overall complication rate was slightly higher than that reported from other dual-chamber ICD trials (13% to 16%/7.1 to 9 months 28, 29 ). The number of atrial leads to be revised was close to the complication rate reported in other dual-chamber trials: 3.4% and 11% in 1.7 and 13.3 months, respectively. 28 -32 However, the ventricular lead complication rate was approximately twice as high as that reported from other trials. 28 -32 The lead complications varied considerably between different centers: 2 centers representing 40 implantations had a complication rate of 21.1% and 23.8%, respectively. The complication rate in the other centers was 12.9%. Therefore, the ventricular lead-related complication rate may not be representative. Thus far, the overall complication rate in dual-chamber ICDs demands either an improvement of implantation technique or a ventricular pace, dual chamber sense, dual chamber inhibition system for detection, as provided by some companies. 33, 34 
Limitations
The single-chamber algorithm under investigation was based on only 2 classic enhancement criteria, acceleration and stability. With these criteria, a specificity of Ϸ0.81 was reached. Current single-chamber ICDs may have better enhancement algorithms. This, however, needs to be demonstrated for the TDI range addressed in this trial.
Conclusion
VTs above the TDI are frequent in patients with monomorphic VTs and conventionally programmed single-chamber ICDs. Dual-chamber detection with a long TDI improves VT detection and does not increase the rate of inappropriate therapies or shocks despite a considerably increased tachycardia burden.
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